typhoon cases from 1946 to 1975 , Wang (1980 , 1989 documented that when a typhoon impinges on Taiwan, its track may be continuous or discontinuous. The discontinuous track usually happens for weak typhoons. When a weak typhoon makes landfall, a secondary low can form on the lee side of the CMR and then replace the original typhoon (Brand and Blelloch 1974; Bender et al. 1985 Bender et al. , 1987 Chang 1982) . Yeh and Elsberry (1993a, b) showed that the deflection of a weaker and slower-moving typhoon by the CMR tends to be larger than that of a stronger one. Numerical studies by Lin et al. (1999) and Wu (2001) showed that the influence of the CMR on a westward-moving typhoon included deceleration and southward deviation in the upstream, and a quasi-stationary secondary low to the west of the CMR. Lin et al. (2005) , using several flow parameters, further proposed a conceptual model to explain track deflection and continuity.
Another important issue about a typhoon passing the CMR is the enhanced precipitation. According to Lin et al. (2001) , heavy orographic rainfall may occur under some common conditions including a conditionally or potentially unstable airstream impinging on the barrier, a very moist low-level jet, a steep mountain, and a quasistationary system. Lin et al. (2002) further applied this flux model to explain the rainfall distribution associated with Supertyphoon Bilis (2000) and showed that rainfall occurring in the vicinity of topography was strongly controlled by orographic forcing, rather than the original rainbands of the typhoon. Wu and Kuo (1999) and Wu et al. (2002) studied Typhoon Herb (1996) and found that the CMR played an important role in modifying the rainfall distribution on the island.
The aforementioned papers represent, for the past two decades or so, the research direction of typhoon studies in Taiwan, which have primarily focused on the early or landfall stages of a typhoon. The former stage is for track forecast and the latter is for rainfall prediction. Not much attention has been given to the late stage when the storm moves away from Taiwan. Many typhoons like Tropical Storm Rachel, however, can induce strong southwesterly flow when they leave Taiwan, bringing heavy precipitation over southern and southwestern Taiwan (Chiao and Lin 2003) . The rainfall is often more intense than that brought by the typhoon itself. There are usually mesoscale convective systems (MCS) forming in the warm moist airstream (often a low-level jet), which share many common features with those of a Mei-yu front (Trier et al. 1990; Chen 1992; Chen et al. 1998 ). Typhoon Mindulle (2004 , associated with strong southwesterly monsoonal flow that brought heavy rainfall and caused serious disasters over the central and southwestern parts of Taiwan in early July 2004, is probably one of the best examples to study this phenomenon. The objective of this paper is thus to examine the mesoscale features that were responsible for the heavy rainfall associated with Mindulle. We will focus on examining the structure and evolution of the southwesterly flow, comparing the MCSs that formed over the northern South China Sea (SCS) and those over the southern Taiwan Strait, and examining the momentum and moisture budgets in the southwesterly flow. The observed track of Typhoon Mindulle (2004) , issued by the CWB (Central Weather Bureau), from 1200 UTC 28 June to 0000 UTC 3 July 2004 at 6-h intervals is shown in black dots. The simulated track (0-48 h) at 6-h intervals is denoted in black squares.
Obser vations of Mindulle (2004)
The observation data from the Central Weather Bureau (CWB) of Taiwan show that Typhoon Mindulle (2004) first developed over the ocean to the northwest of Guam on 23 June 2004, and subsequently moved westward. By 27 June, Mindulle had shifted to the east of the Philippines and become a category-2 typhoon with maximum winds 1 reaching 43 m s -1 . After an intensity decrease near the Philippines, Mindulle started to turn toward the north on 30 June (Fig. 1) . The typhoon center made landfall on the east coast of Taiwan at about 1440 UTC 1 July 2004, after which it became difficult to trace over land. At 0300 UTC 2 July, the typhoon center appeared again as it was leaving the north coast of Taiwan. Earlier, following the landfall of Mindulle, a secondary low formed to the west of the island over the Taiwan Strait at 0000 UTC 2 July 2004. The low moved northward over the Strait along the coast, and then made landfall on the northwest coast and disappeared after 0600 UTC 2 July. Since the low was very shallow and rather dry, its circulation could only be detected in visible satellite pictures during daytime hours of 2 July (not shown).
After leaving Taiwan, Mindulle moved toward the north-northeast over the East China Sea, and then transformed into an extratropical cyclone after 4 July 2004. Through the course of landfalling, the typhoon itself did not create too much damage in terms of winds and precipitation. However, the strong southwesterly flow that formed after Mindulle left Taiwan brought extremely heavy rainfall over the southern and central parts of the island, resulting in severe flooding and mudslides in many regions. In total, Mindulle caused 29 deaths, and 12 missing. More than 10,000 people were forced to evacuate their homes.
The 24-h accumulated rainfall observed at the 367 rain gauge stations in Taiwan on 1 July, when the typhoon was traveling along the east coast and over land, shows that precipitation with maxima of 200-400 mm occurred primarily on the windward (east) side of the CMR (Fig. 2a) . When Mindulle left Taiwan on the next day (2 July, Fig.  2b ), heavy rainfall was observed on the western and southern parts of Taiwan, including the lowland and mountainous areas. The three regions 1 The intensity of a typhoon over ocean is estimated from satellite observations using the Dvorak tropical cyclone intensity estimation technique (Velden et al. 2006 ) by the CWB. When a typhoon is over land, the maximum wind is determined by 10-min average. of maximum rainfall (657, 787, and 715 mm, from north to south) coincided with the highest peaks of the CMR. Precipitation decreased considerably over the western plains on 3 July 2004 (not shown). Surface analyses at 1200 UTC 1 July 2004 (Fig.  3a) show that Mindulle, with a center pressure of ~980 hPa, was located near the eastern coastline of Taiwan. To the east-northeast near 30°N, 145°E, there was another typhoon named Tingting moving northeastward. One day later at 1200 UTC 2 July 2004 (Fig. 3b) , Mindulle had moved to the north of Taiwan and Tingting to the east of Japan.
With the two typhoons moving northward, the subtropical (or Pacific) high strengthened and extended westward to the northwestern Pacific, which is more clearly seen in the 500-hPa charts (Fig. 4) . The 5880-m contour line of the Pacific high extended toward the west of the Philippines from 1200 UTC 1 July to 1200 UTC 2 July 2004.
Infrared satellite pictures show that Mindulle, associated with a small area of high clouds (cloud top temperature < 65°C), was located offshore of the east coast of Taiwan at 1223 UTC 1 July 2004 (Fig. 5a ). Over the northern SCS near ~20°N
, there was a larger area of high clouds, with cloud top temperatures even lower. This indicates that major convections occurred, far away from the typhoon center, over the ocean southwest of Taiwan. This MCS weakened and turned into a more elongated shape at 0023 UTC 2 July (Fig.  5b) , and it disappeared soon after wards and had no effect on Taiwan. The primary rainfall in Taiwan during this time period occurred on the eastern part of the island, mainly contributed by the typhoon as shown in Fig. 2a . At 1223 UTC 2 July 2004 ( Fig. 5c ), Mindulle was located over the ocean far north of Taiwan. Its cloud pattern was hardly identified. The strongest convection at this time occurred over the southern Taiwan Strait. The associated clouds developed into a large cloud shield of ~100,000 km 2 . This MCS moved overland in central and southern Taiwan, resulting in extremely heavy rainfall as shown in . By 0123 UTC 3 July, the MCS had spread over an elongated region and entered its dissipation stage (Fig. 5d) . Radar reflectivity near Taiwan shows that the MCS over the southern Taiwan Strait started to develop at 0300 UTC 2 July 2004 (Fig. 6a) when Mindulle was leaving the north coast of Taiwan. By 1000 UTC 2 July 2004, the MCS had organized into an east-west-oriented narrow band of convection near Chiayi (indicated by no. 1, Fig.  6b ). Two hours later, the convective line shifted slightly northward and another convective line formed to the south (denoted by no. 2, Fig. 6c ). These MCSs continued to move over land, and brought heavy rainfall not only over the western lowlands, but also over the mountainous regions where the convection was further enhanced by the terrain. By 1830 UTC 2 July 2004, the MCSs were weakening (Fig. 6d) .
Using the best track data of the Joint Typhoon Warning Center (JTWC) and the reanalysis data of the National Centers for Environmental Prediction (NCEP) from 1950 to 2005, we compared 39 typhoons that had a northward direction near Taiwan, similar to that of Mindulle. The result shows that the southwesterly flow and the associated rainfall of Mindulle were among the top 5 strongest events. Evidently, Mindulle was an extreme case that deserves detail studies to gain scientific insights on the rainfall development.
Model simulation of the synoptic pattern

Model settings
The fifth-generation Pennsylvania State University-National Center for Atmospheric Research Mesoscale Model (MM5) was used in the modeling study. The model configuration included three domains with 45, 15, and 5 km horizontal grid spacing and two-way interaction between domains. Thirty-one sigma levels were used in the vertical, with model top set at 100 hPa and maximum resolution located in the planetary boundary layer (PBL). The Medium-Range Forecast model (MRF) PBL parameterization (Hong and Pan 1996) was applied to represent the PBL processes, including surface fluxes of heat, moisture, and momentum. The Reisner II grid-resolvable explicit moisture scheme and the Grell cumulus parameterization scheme were used to represent the hydrological processes (Grell et al. 1994 ). The cumulus scheme was not applied in the innermost domain (5 km). The initial and lateral boundary conditions, including sea surface temperature, were supplied by the European Centre for Medium-Range Weather Forecasts (ECMWF)/Tropical OceanGlobal Atmosphere (TOGA) global analyses with 1.25° resolution. An objective analysis procedure (the Little-R), based on successive correction (i.e., the Cressman scheme), was used to incorporate upper-air and surface observations from the Global Telecommunications System (GTS). The observations are also used continuously in domain 1 throughout the model simulation by four-dimensional data assimilation (FDDA) nudging. In addition, we used a bogus and replacing procedure proposed by Jian et al. (2006) to create a typhoon that was more representative of the observation at the initial time. The model was initialized at 0000 UTC 1 July 2004 and was run for 48 hours.
Comparisons with the observations
Compared with the observations at 1200 UTC 1 and 1200 UTC 2 July 2004 (Figs. 3, 4) , the MM5 well reproduced the intensity, location, and movement of the low centers associated with Mindulle and Tingting at 12 and 36 h (see the 500-hPa geopotential height in Fig. 7 ; sea level pressure is not shown). The evolution of the synoptic pressure pattern was also well captured, including a low over eastern China and another low to the east of Japan.
The simulated track of Mindulle also shows a good match with the observed track issued by Fig. 7 . The simulated 500-hPa geopotential height (20-m interval) of domain 1 at (a) 12 h and (b) 36 h. the CWB (see Fig. 1 ). The center of Mindulle was located to the southeast of Taiwan when the model started at 0000 UTC 1 July 2004. The simulated typhoon moved northward with a track slightly to the right of the observed one from 0 to 12 h, and it made landfall a little later than the obser ved. After moving over the ocean to the north of Taiwan, the simulated Mindulle was heading toward the north-northeast slightly to the left of the observed track. As for the intensity, the center pressure and maximum wind speed of the simulated typhoon both agreed well with the observation (figures not shown).
The simulated 24-h accumulated rainfall over Taiwan shows heavy rainfall mainly over the eastern part of the island at 0-24 h (Fig. 8a) , which is consistent with the observations (Fig. 2a) . In particular, the maximum rainfall along the east coast was slightly over 300 mm at several locations, and was around 260 mm in southern Taiwan. This period of rainfall, which agreed very well with the rain gauge observations, was associated with the typhoon when it was moving northward along the east coast. Between 24 and 48 h, the simulated rainfall showed large rainfall over the western and southern parts of the island, with 3 maxima over high mountain regions (Fig. 8b ). They were in good agreement with the observations during the period when the southwesterly flow brought heavy precipitation over central and southern Taiwan (Fig. 2b ). Figure 9 presents the simulated maximum radar reflectivity (the maximum reflectivity in the vertical air column) and the 925-hPa geopotential height and winds from domain 2. At 12 h ( picture at 1200 UTC 1 July 2004 (Fig. 5a ). Except for a slight difference in location, the simulated MCS well reproduced the observed cloud pattern over this region. After the typhoon made landfall, a secondary low 2 formed over the Taiwan Strait at 18 h ( Fig.  9b) . The original typhoon circulation was destroyed by the terrain, with only a weak trough left to the east of the CMR. The secondary low slowly moved toward the northeast after formation. By 30 h, the typhoon remnant circulation 2 Note that a small area of low pressure in northern Taiwan at 12 h ( Fig. 9a ) was only an artificial result of numerical computation because of high terrain there. It was not related to the secondary low.
Evolution of the MCSs and the southwesterly flow
The simulated radar reflectivity
had reorganized and moved over the ocean north of Taiwan (Fig. 9d) . By the same time, the secondary low had weakened and moved over the northwest coast of Taiwan. This is more clearly shown in the sea level pressure and the lowestsigma-level winds of domain 3 at 30 h (Fig. 10a ). The secondar y low dissipated ver y soon after landfall, and the main circulation became the only low pressure system of Mindulle. The simulated radar reflectivity illustrates that the secondary low was rather dry at 18 and 24 h (Figs. 9b, c). Convection was primarily found over and to the east of the CMR and was associated with the main circulation of the typhoon. As for the MCS over the northern SCS and the Luzon Strait, it weakened slightly at 18 h and intensified again at 24 h after the southwesterly flow strengthened. There was an elongated band of convection along the low-level convergence line that formed between the northwesterly flow associated with the secondary low and the southwesterly flow from the SCS. Six hours later as Mindulle left northern Taiwan, a few convections started to develop south of the secondary low over the Taiwan Strait (Fig. 9d) . Winds over the southern Taiwan Strait turned from northwesterly to westerly owing to the weakening of the secondary low. As a result, the convergence weakened and the MCS around 20°N started to dissipate. At the same time, the southwesterly flow pushed farther northward and converged with the westerly flow over the ocean southwest of Taiwan, forming a northeast-southwest oriented band of strong convection.
In order to examine the detailed structure of the MCS that occurred near Taiwan, similar plots from domain 3 were used for the successive times. At 31 h, Mindulle was located about 50 km north of Taiwan, while the secondary low was dissipating over the northwest coast (Fig. 10b) . Although there was still weak convection off the east coast, strong convection had shifted from the eastern part of the island to western and southwestern Taiwan. The northwesterly flow brought by the circulation of the typhoon and the secondary low converged with the westerly flow, resulting in a narrow band of strong convection over the central Strait and the western plains near Chiayi (indicated by no. 1). Its location was consistent with the observed convective line at 1000 UTC 2 July 2004 (Fig. 6b) . Although their orientations were not exactly the same and the time in the simulation was about 3 hours earlier than in the observation, it is believed that the model had done a good job in reproducing the convection. To the southwest of Taiwan, the northeastsouthwest oriented rain band had intensified from one hour earlier (Fig. 9d) . Strong southwesterly flow brought convections toward southern Taiwan, together with the landward movement of the aforementioned convective line, resulting in heavy precipitation on the western and southern parts of the island (Fig. 10b) . The MCS was further enhanced over the mountain slopes because of the terrain lifting effect.
Three hours later, the convective line offshore of Chiayi (indicated by no. 1) had shifted slightly to the north (Fig. 10c) . At the same time, another line of strong convection developed to the south (no. 2). Farther to the south over the northern SCS was a broad area of weak convection. It is clear that with the southwesterly flow strengthening, the major MCSs had shifted northward to the central Taiwan Strait and produced heavy rainfall in central Taiwan. The two convective lines were fairly comparable with those obser ved at 1200 UTC 2 July 2004 (Fig. 6c) , except for small differences in location and orientation. By 40 h, the MCSs had dissipated (Fig. 10d ).
Eight trajectories that ended at a low altitude (0.1 km) near the two convective lines at 34 h were integrated backward to 18 h to examine the origins of the air parcels. These trajectories (Fig.  11 ) demonstrate clearly the air origins of the aforementioned low-level convergence. Trajectories 1-3 show that the northern convective line formed because of the convergence between the moist northwesterly flow induced by the low-level typhoon circulation and the dry westerly flow that descended from the higher and outer part of the large-scale typhoon circulation. The convergence that produced the southern convective line resulted from several different air sources: the westerly flow (trajectories 4 and 5) that originated from the large-scale typhoon circulation like trajectories 2 and 3, and the southwesterly flow (trajectories 6-8) that came from the northern SCS. Trajectories 6 and 7 actually had a large westerly component before 30 h. At ~24 h, they converged after coming from different origins, and were likely responsible for the convections that developed over the northern SCS at 24 h (see Fig. 9c ).
Cross sections
In order to examine the vertical structure of the convections along the southwesterly flow, Figure 12 presents a southwest-northeast cross section along line A of Fig. 9a . At 12 h, high clouds were associated with the MCS over the northern SCS near 200 km of the cross section (Fig. 12a) . The convection occurred in an environment of nearly-neutral stability and large low-level conver- gence. The low-level air behind the convection was convectively unstable (equivalent potential temperature, θ e , decreases with height) and had a large southwesterly wind component. Its convergence with the westerly flow ahead produced upward motion, which provided lifting on the potentially unstable air. As a result, strong convections were triggered and the air became approximately neutral. Over Taiwan, clouds were associated with Mindulle off the east coast at this time.
By 18 h, the low-level air of high equivalent potential temperature over the northern SCS had pushed northeastward to ~300 km of the cross section (Fig. 12b) . The convection at the leading edge of the warm moist air (high θ e ) weakened because the low-level convergence became smaller at this time. A new band of convective clouds formed to the southwest of Taiwan (near 500 km) where low-level convergence was large. The convergence between the westerly and southwesterly flows was induced by the secondary low over the central Taiwan Strait and the large-scale typhoon circulation.
The convection over the northern SCS (at ~ 340 km of the cross section) became stronger at 24 h when the southwesterly flow intensified (Fig. 12c) . The maximum upward motion of ~ 1.8 m s -1 occurred at a height of around 7 km as a result of a deep layer of convergence below. To the north, the cloud band associated with the secondary low had moved over land and intensified on the upslope region of the mountains. Offshore new convective bands were developing and moving landward. By 30 h, the convection over the northern SCS had dissipated (Fig. 12d) . The southwesterly flow had further strengthened and pushed all the way to the southwest coast of Taiwan. There were weak convections associated with mid-layer clouds along the cross section. When moving over land, they were remarkably enhanced, producing heavy rainfall over the low plains and mountains in southwestern Taiwan. Figure 13 presents cross sections D, E, and F of domain 3 to examine the vertical structure of the convective lines over the Taiwan Strait. At 31 h, the south-north cross section D shows that the leading edge of the southwesterly flow had reached approximately 150 km of the cross section (Fig. 13a) . The flow converged with the westerly flow ahead, resulting in upward motion that triggered convections one after another. At about 300 km, the low-level northwesterly flow to the north converged with the westerly flow to the south, producing several convective bands in the adjacent areas. The convergent flows and the associated cloud bands were attributed to the circulation of Mindulle and the secondary low. The cloud band near 280 km (indicated by no. 1) resembled the convective line offshore from Chiayi (see Fig. 10b ).
Three hours later at 34 h of simulation, the leading edge of the southwesterly flow had moved to about 240 km of the cross section, with a narrow band of strong convection occurring at midlevels (indicated by no. 2, Fig. 13b ). To the south, there were several areas of weak convections within the southwesterly flow. To the north, the convection that occurred offshore from Chiayi at 3 h earlier (indicated by no. 1) had moved northward near 300 km. It is clear that the two major bands of convective clouds had different formation mechanisms; the former was primarily induced by the southwesterly flow, the latter by the circulation of the typhoon and the secondary low.
The west-east cross section E (Fig. 13c) , along the convective line (no. 1), shows that at 31 h strong low-level westerly flow converged with northwesterly flow of the typhoon and the secondary low's circulation as indicated in Fig. 13a . Once the convection and the associated clouds formed, they were brought landward by the westerly flow and were enhanced remarkably over land and the mountain slopes. The maximum upward motion was large, exceeding 3 m s -1 . The cross section F at 34 h (Fig. 13d) demonstrates that low-level warm moist air over the ocean was transported northeastward to converge with the westerly flow (also see Fig. 13b ), producing several bands of strong convection that organized into a narrow line (no. 2, also see Fig. 10c ). Over land and on the mountains, convections were enhanced. Figure 14 presents time evolution of maximum radar reflectivity, along-section wind, convective stability (- ¶θ e / ¶p), and relative humidity along line A of Fig. 9a . The last three variables were averaged from surface to 850 hPa (weighted by the depth of layers). It is clear that over the northern SCS (~100 km of the cross section) convections developed early at around 6 h (Fig. 14a) , and moved toward the northeast 3 after the formation.
Evolution of the southwesterly flow
The MCS reached its maximum strength between 9 and 12 h of the simulation. Around 24 h, a new convective band developed in the MCS at 300 km. Compared with the along-section wind (Fig.  14b) , it is apparent that the two convective bands intensified when the low-level southwesterly flow increased, one at about 9 h, the other at about 24 h. At ~400 km, southwesterly winds increased rapidly from 12 to 20 h as a result of the formation and northward movement of the secondary low.
The maximum winds propagated northeastward quickly. Between approximately 26 and 32 h, the 3 Judged from the orientation of the shaded areas in the plots, the convections were moving toward the northeast over time along line A of Fig. 9a . Although other directions might be involved, the northeastward direction was the major component based on our investigation. southwesterly flow increased again, and it also propagated promptly toward the northeast. Because of this wind variation, the convective bands over the southern Taiwan Strait (box C) first developed at around 18 h and then moved toward the northeast at a speed of ~20 km h -1 (Fig. 14a) . The considerable increase of the southwesterly flow after 24 h caused the MCS over the northern SCS (~300 km of the cross section) to move northeastward even more rapidly (~32 km h -1 )
Fig. 14. Time series of (a) maximum radar reflectivity (dBz), (b) along-section wind (m s -1 ), (c) convective stability (K hPa -1 ), and (d) relative humidity (%) along line A of domain 2 (shown in Fig. 9a ) from 1-47 h of model simulation. The ordinate is time from 1 to 47 h, and the abscissa is distance in km. Variables in (b-d) are averaged from surface to 850 hPa. Shading indices are denoted in bottom. The zones where this cross section is overlapped with boxes B and C, and land are indicated.
toward the southern Taiwan Strait and then over land. When moving over land and mountains, the two convective bands were significantly enhanced.
Figures 14c and d show that low-level air was convectively unstable and very moist in the southwesterly flow and was moving toward the northeast. When low-level air convergence provided enough lifting, convections could be triggered. The instability then decreased because of vertical mixing. This is evident from the regions where nearly neutral stability ( 0.04 K hPa -1 ) was collocated with large radar reflectivity ( 10 dBz, Fig. 14a ).
Vertical structure and budget analyses
In order to further examine the time evolution of the vertical structure of the MCSs and to identify the formation mechanisms of the convections, a horizontal domain average was taken for several key fields inside two boxes: B and C (see Fig.  9b ). The boxes were chosen to easily compare the two convection regions: the former for the northern SCS, the latter for the southern Taiwan Strait. Figure 15 presents the time-height section of cloud mixing ratio (cloud ice plus water), vertical velocity, horizontal divergence, and wind speed averaged inside box B. Using 0.1 g kg -1 as a threshold, the cloud mixing ratio shows that over the northern SCS the cloud base was slightly below 1 km at early times and rose a little over time (Fig. 15a) . Although the majority of the convective cloud bands formed at midlevels (about 400 -600 hPa), for example, at 6-12 h and 18-24 h, there were a few time periods when the convection was so strong that the clouds could develop to a very high altitude (above 200 hPa). After 30 h, the convection in this area dissipated and there were only shallow clouds left at low levels. This cloud evolution is best explained by the distribution of the vertical velocity in Fig. 15b , which shows 2 periods of maximum upward motion, one between 6 and 12 h, the other around 24 h. The greatest ascent of the air flow occurred at about 300 hPa with a domain-averaged magnitude of ~2.6 m s -1 . Figure 15c shows that low-level convergence occurred earlier than upward vertical velocity at 6-12 h and 18-24 h. It is thus clear that the strong upward motion was first initiated by large low-level convergence, which provided lifting to release the potential instability of the low-level air and to produce strong convections. As the updraft formed, the height of maximum horizontal convergence increased over time. At high levels (e.g., above 300 hPa), strong divergence was collocated with the low-level convergence. A comparison between Figs. 15b and c indicates that the maximum updraft occurred almost simultaneously in the vertical (only about 1 h delay from 850 to 300 hPa), while the maximum convergence had a longer delay (4-6 h) from low levels to upper levels. This indicates that once the updraft developed as a result of low-level convergence, it could reach to a high altitude very rapidly because of the large upward velocity (~2-3 m s -1 ). The midlevel convergence (e.g., 400-700 hPa), on the other hand, occurred a few hours later, because it was induced by the strong updraft as a result of mass continuity. The wind speed averaged in box B shows that the maximum winds in the southwesterly flow occurred at low levels around 850 hPa, and there were two time periods when the winds were stronger than 16 m s -1 (Fig. 15d) . The first happened at about 6 h, and the second took place a lot longer from 18 to 30 h. These low-level jets were collocated with the large low-level convergence and thus played an important role on the formation of the convections in box B. Figure 16 presents similar plots, but averaged inside box C. It is clear from Fig. 16a that weak midlevel cloud bands first appeared at 12 h. Note that a large value before 6 h can be ignored, because the simulated hydrology is not trustworthy during the model s spin-up stage. The cloud amount increased over time and reached a maximum shortly after 30 h at about 500 hPa. The cloud top remained at nearly the same height around 300 hPa, with only one short period of exception at ~42 h. Vertical velocity (Fig. 16b) shows that two time periods of maximum upward motion at about 19 h (1.3 m s -1
Vertical structure
) and 30 h (1.8 m s -1 ) were associated with large low-level convergence at 12-18 h and 25-31 h (Fig. 16c) , respectively. Since the maximum updrafts only reached midlevel, the horizontal convergence occurred in a shallow layer below ~700 hPa (Fig. 16c) . Above 500 hPa or so, the air flow became mostly divergent. The wind speed pattern shows that low-level winds over the southern Taiwan Strait started to increase early and formed a low-level jet ( 16 m s -1 ) around 30 h (Fig. 16d) . At high levels between 300 and 400 hPa, winds were strong before 20 h when the typhoon circulation brought a strong northeasterly flow and after 42 h when it turned into a strong southwesterly flow because of the northward movement of the typhoon.
By comparing boxes B and C, it is summarized that the convections over the northern SCS developed earlier, were stronger, and reached to an altitude much greater than those over the southern Taiwan Strait. A similar argument can be made for the divergence field. As for the wind speed, low-level winds over the nor thern SCS were strong from the beginning to 30 h of simulation, Fig. 9b ) from 1-47 h of model simulation. The ordinate is height (hPa on left; km on right), and the abscissa is time from 1 to 47 h. Shading indices are denoted in bottom.
while those over the southern Taiwan Strait were weak earlier and increased over time, reaching a maximum at 30 h.
Momentum budget
In order to examine what caused the low-level wind to increase in the southwesterly flow, we used hourly model data to compute force balances in the horizontal momentum equations
where the terms on the left are the local acceleration (#1), the first three terms on the right are the advection (#2), Coriolis force (#3), and pressure gradient force (PGF, #4), respectively, and the last terms are the residual which account for Fig. 16 . Same as Fig. 15 , except for box C of domain 2 (shown in Fig. 9b ).
friction, momentum mixing, and numerical errors 4 . Each term was averaged horizontally inside the box (B or C) and vertically from surface to 850 hPa. The vertical average was weighted by the depth of layers. For convenience, the two components of each term in Eqs. (1) and (2) were transformed into a new coordinate system: one component along the southwesterly flow direction (hereafter, along-SW), and the other across the southwesterly flow direction (hereafter, across-SW), with positive directed toward the northeast and northwest, respectively.
Over the northern SCS (box B), the local acceleration in the along-SW direction was positive between 11 and 21 h (Fig. 17a) . This was a result of large northeastward PGFs (~9 10 -4 m s -2 ), and small negative Coriolis forces and advection terms. The low-level air was thus accelerating toward the northeast, producing the low-level jet around 24 h as shown in Fig. 15d . Between 21 and 31 h, the PGF reduced (~6 10 -4 m s -2 ), and the local acceleration became small or negative. The southwesterly jet therefore slightly weakened and then increased its intensity until 31 h (see Fig. 15d ). After that, the jet disappeared because the PGF further decreased. In the across-SW direction (Fig. 17b) , the air flow was nearly in geostrophic balance, with the forces increasing from 11 to 31 h. Comparisons between the alongand across-SW directions indicate that PGF was directed toward approximately the northeast before 21 h. This is because Mindulle was located near Taiwan, resulting in a large northeastward PGF and air acceleration over the northern SCS. After 21 h, the reduction of the PGF and thus the weakening of the southwesterly flow were caused by a series of mesolows and mesohighs that developed after the MCSs formed over the northern SCS (see Figs. 9, 18a) .
Over the southern Taiwan Strait, the momentum budget in box C shows that the along-SW PGF component was positive and increased significantly from initial time to 14 h (Fig. 17c) . This was associated with the formation of the secondary low over the central Strait. The local winds thus had a northeastward acceleration. Although the PGF was considerably larger than that of box B, the local acceleration was in a similar range. This is because the advection and Coriolis force terms in box C were larger than those of box B. The large negative advection implied that the lowlevel air, from a Lagrangian point of view, was greatly accelerating northeastward. Around 24 h, there was a period of reduction of local acceleration, which was, similar to that of box B, a result of the pressure perturbation near the southwest boundar y of the box (Fig. 18a) . Between 25 and 30 h, the local acceleration increased again, mainly contributed by the increasing PGF. With the secondar y low moving farther northward, the PGF increase during this period was likely due to the dissipation of the MCSs over the SCS (see Fig. 9d ) and the westward extension of the Pacific high 5 (cf., Figs. 18a, b) . In the across-SW direction, the acceleration and the advection terms were small because the air flow was nearly in geostrophic balance (Fig. 17d) .
Comparisons between boxes B and C indicate that the southwesterly flow, mainly induced by the low pressure system of Mindulle, increased early over the northern SCS. Moist unstable air was transported into this region, resulting in the formation of the MCS over areas of large lowlevel convergence. The convections, however, contributed to the formation of mesolows and mesohighs near the MCS, which prevented air from accelerating farther northeastward before 24 h or so. The convections over the southern Taiwan Strait were thus weak (see Figs. 16a, b) and were mostly influenced by the typhoon circulation. Only until the MCS dissipated over the northern SCS and the westward extension of the Pacific high was the moist and unstable air able to accelerate into the southern Taiwan Strait. The convective bands hence intensified at around 30 h and became the most intense throughout the entire period.
Moisture budget
Since moisture is the other key factor that influences the formation of the MCS, it is important to examine the moisture budget over the two targeted areas. For simplicity, the moisture equation is written in a flux form as
where ρ is air density and q is the mixing ratio of water vapor. The term on the left is the local change (#1), the first and second terms on the right are horizontal moisture flux convergence (#2), the third is vertical moisture flux convergence (#3), and the last term is the residual (#4, source and sink) which accounts for hydrological processes like condensation, evaporation, and so on. Figure 19 shows time series plots of the moisture budget averaged in boxes B and C. The terms in Eq. (3) are first integrated vertically Fig. 9b ). The ordinate is time from 1 to 47 h, and the abscissa is magnitude in mm per hour. The local change (#1), horizontal moisture flux convergence (#2), vertical moisture flux convergence (#3), and residual (#4) terms are integrated vertically from surface to 12 km AGL. Hourly rainfall (#5) and evaporation rate from the ocean surface (#6) are also shown.
from surface to 12 km AGL, divided by the water density, and then converted to the unit of mm h -1 . In addition, we used simulated hourly rainfall (#5) and evaporation rate from the ocean surface (#6) to roughly estimate the moisture sink and source, respectively. It is first seen that, being integrated through approximately the entire troposphere, the residual was nearly equal to the sum of rainfall and evaporation from the ocean, except that rainfall had a slight time delay. This is reasonable because it took time for rain, after formation, to fall from air to the ground.
Over the northern SCS (box B), the horizontal moisture flux convergence was large positive with two maxima before 30 h (Fig. 19a) , which corresponded well to the two strong convection periods (e.g., Fig. 15 ). Although there was a large horizontal convergence of moisture, the air column averaged in the box still lost moisture at a rate of about 0.5 mm per hour during the convective periods. The decrease was due to the excessive residual term, because precipitation was far larger than evaporation from the ocean. It is therefore evident that the convections in the MCS were mainly contributed by the horizontal moisture transport in the southwesterly flow. Evaporation locally from the ocean played only a minor role. Precipitation consumed moisture not only from these supplies, but also from water vapor in the air column.
Over the southern Taiwan Strait, the horizontal moisture convergence, primarily induced by the typhoon and the secondary low, helped the development of weak convections at early times (Fig. 19b) . The evaporation rate from the ocean was small. Between 12 and 18 h when rainfall was small, moisture was in fact increasing in this region because of horizontal moisture convergence. After 24 h, the convections over the northern SCS were dissipating. With the southwesterly flow transporting warm moist air into the southern Taiwan Strait, the horizontal moisture convergence began to increase considerably in box C. Like in box B, moisture supplied by this process and evaporation were converted into precipitation. Figure 20 presents a vertical distribution of the terms in Eq. (3) at selected times when convection was strong. For box B the result at 24 h is shown, while for box C 31 h is chosen. Over the northern SCS at 24 h, the balance below ~850 hPa was primarily between the horizontal moisture flux convergence and the vertical moisture flux divergence (Fig. 20a) . The local change was a small negative because of an excessive upward transport at low levels. The residual was small, too, but it became positive near the surface due to evaporation from the ocean. This indicates that moisture was converged at low levels and transported upward above ~850 hPa where vertical moisture flux became convergent. As moist air ascended and became saturated, water vapor turned into rainfall, denoted by the residual terms, which balanced the vertical moisture flux convergence at high levels. At 31 h over the southern Taiwan Strait (Fig. 20b) , the primary balanced terms at low levels were, similar to but larger than those in box B, the horizontal moisture flux convergence and the vertical moisture flux divergence.
Summar y and conclusions
This paper presents an observational and numerical study of Typhoon Mindulle (2004) with two foci: the southwesterly flow and heavy rainfall in the Taiwan area. Mindulle, a weak tropical storm, made landfall on the east coast of Taiwan at 1440 UTC 1 July 2004. About 13 hours later, the typhoon left the north coast of Taiwan. During landfall of the main circulation, a secondary low formed over the Taiwan Strait but dissipated after Mindulle moved over the ocean north of Taiwan. There was not much damage in terms of winds and precipitation created by the typhoon itself. However, after Mindulle left Taiwan the accompanying strong southwesterly flow brought extremely heavy rainfall over the southern and central parts of the island, resulting in severe flooding and mudslides in many regions.
Satellite observations show that MCSs developed over the northern SCS during the time when Mindulle was af fecting Taiwan. These MCSs, developing in the warm moist southwesterly flow, had no influence on Taiwan. Later when Mindulle left the north coast of Taiwan, strong convections developed over the southern Taiwan Strait. Radar observations show that these MCSs first organized into an east-west oriented convective line. With the southwesterly flow intensifying, the convective line shifted slightly northward and another convective line formed to the south. These convective bands continued to move over land and brought large rainfall not only over the western lowlands, but also over the mountainous regions where the convection was further enhanced.
The MM5 run initialized at 0000 UTC 1 July 2004 well simulated the observed synoptic pattern, the secondar y low, the MCSs over the northern SCS and the southern Taiwan Strait, and the heavy rainfall in Taiwan. It is also remarkable that the model reproduced, though with a few hours of lead time, the convective lines that developed offshore and moved over land to produce heavy precipitation in southwestern Taiwan. The simulation clearly demonstrates that the moist northwesterly flow of the low-level typhoon circulation converged with the decending westerly flow from the higher and outer part of the largescale typhoon circulation, resulting in the convective band over the central Taiwan Strait. The warm moist southwesterly flow that came from the northern SCS converged with the westerly or northwesterly flow of the circulation associated with the typhoon and the secondary low, and produced the convective band southwest of Taiwan. These are evidently shown by backward trajectories that terminated in the convection zone.
The southwesterly flow, which was primarily induced by the low pressure system of Mindulle, strengthened early over the northern SCS. The PGF was significantly larger than the Coriolis force in the along-SW direction, resulting in a downgradient acceleration toward the nor theast. Moist unstable air in the southwesterly flow was thus transported northeastward. When low-level air convergence provides enough lifting, strong convections can be triggered. The convections, however, contributed to the formation of mesolows and mesohighs in the MCS, which prevented air from accelerating farther northeastward. Therefore, during this time the convections over the southern Taiwan Strait were weak. Only after the dissipation of the MCS over the northern SCS and the westward extension of the Pacific high was the moist unstable air able to accelerate into the southern Taiwan Strait. The convective bands there then intensified and moved over land, where the MCSs were further enhanced, producing heavy rainfall over the low plains and the mountains in southwestern Taiwan. The common ingredients of heavy orographic rainfall proposed by Lin et al. (2001) were examined for this event. Compared with the two Taiwan rainfall events in their Table 1, our case had an upstream moist and unstable lowlevel jet, with an averaged wind speed of 17.5 m s -1 , specific humidity of 20 g kg -1 , and CAPE of 2400 J kg -1 . These conditions, comparable to their Taiwan 1959 flooding event, favored for heavy orographic rainfall. As a result, the maximum rainfall was similar for the two events (700 verses 500 mm day -1 ). As for the Tropical Storm Rachel, since its southwesterly flow was weaker (10 m s -1 ), the rainfall was a lot smaller. The moisture budget shows that the development of the MCSs was mainly contributed by the horizontal moisture transport in the southwesterly flow. Evaporation locally from the ocean played only a minor role. The balance below ~ 850 hPa was primarily between horizontal moisture flux convergence and vertical moisture flux divergence, which indicates that moisture was converged at low levels and transported upward above ~850 hPa. As the moist air ascended and became saturated, water vapor turned into rainfall, which balanced the vertical moisture flux convergence at the midlevel. Over the southern Taiwan Strait, the low-level horizontal moisture flux convergence and vertical moisture flux divergence were both greater than those over the northern SCS.
